Summary. Information about the direction of the virtual line between two positions in space (directional information) is used in many decision-making and motor tasks. We investigated how accurately directional information is processed by the brain. Subjects performed two types of task. In both tasks they sat at a table. In the first task they had to move their hand slowly and accurately from an initial position 40 cm in front of them to visually presented targets at a distance of 30 cm from the initial position (movement task). We analysed the initial movement direction. In the second task subjects had to position pointers in the direction of the targets as accurately as they could (perceptive task). We found that in the movement task the subjects started the movements to most targets in a direction that deviated consistently from the direction of the straight line between initial position and target position. The maximum deviation ranged from 5-10 ~ for the various subjects. The mean standard deviation was 4 ~ . In the perceptive task the subjects positioned the pointer in similarly deviating directions. Furthermore, we found that the maximum deviation in the pointer direction depended on the length of the pointer: the smaller the pointer, the larger the consistent deviations in the pointer direction. The shortest pointer showed deviations comparable to the deviations found in the movement task. These findings suggest that the deviations in the two tasks stem from the same source.
Introduction
It is still not known how the brain processes information about target location when planning a movement. However, it seems likely that in the case of goal-directed Offprint requests to: J.B. de Graaf (address see above) movements the direction of the planned movement is a control variable. This idea is supported by several results. Wadman and co-workers (1980) showed that muscle activation patterns for fast arm movements are based upon the direction of the movement. Other support is presented in a series of papers in which the changes in activity of cells in the arm area of the motor cortex were studied when monkeys made equal-amplitude movements in various directions in 3-D space Kettner et al. 1988; Schwartz et al. 1988) . Their results show that the direction of a movement is encoded in the population discharge of directionally tuned cortical cells. The activity starts well before the onset of the movement and is independent of the point of origin of the movement. These results show that the direction of a movement is very probably a control variable for goal-directed movements.
If the direction of a planned movement is to be used to control the movement, this information must be available to the central nervous system. This means that information about the direction of the virtual line between initial position and target position (directional information) can be obtained from the internal representation of our body and space around us.
In the present study we investigated the accuracy of directional information. Our subjects performed two types of task. In the first task they were instructed to move their hand slowly and accurately in the direction of various target positions from a fixed initial position (movement task). Trajectories of fast hand movements are known to be curved. This phenomenon is thought to be caused by the biomechanics of the arm (Hollerbach and Flash 1982) . Because we wanted to investigate the accuracy of directional information we tried to exclude the biomechanical factors. Therefore, the subjects in our experiment were instructed to move their hand slowly.
Our main interest was in the initial direction of the movement. We assumed that if subjects had accurate directional information, the movements would start in the direction of the target (target direction). The results however showed that subjects started their movements to most targets in directions that deviated consistently from the target direction. In order to investigate whether these deviations originate from the motor component of the task or from an earlier stage of the information processing, we did a second experiment in which we excluded the role of motor performance.
In this experiment the subjects had to place a pointer in the direction of the target position (perceptive task). We assumed that if the consistent deviations in initial movement direction did not originate from the motor component of the movement task, but from an earlier stage of the information processing, the deviations would also be present in the perceptive task. The results show that although subjects were convinced they performed the task very accurately, they placed the pointer in a direction that consistently deviated from the target direction. The deviations were comparable to those found in the movement task.
Methods

Subjects
Five male subjects participated in this study. They were volunteers from the department of Medical and Physiological Physics. The subjects had normal (n =4) or corrected to normal (n = 1) vision and were right handed. They were not informed about the purpose of the study. In an earlier phase of this study five other subjects had participated in one or both experiments. Their results were basically the same.
Apparatus
In both experiments the subjects were seated in front of a horizontal black surface (stimulus surface) with 9 light emitting diodes (LEDs) The position of the index finger in experiment 1 and the position of the pointer in experiment 2 were recorded with a commercially available and accurately calibrated SELSPOT II system. The SEL-SPOT camera was positioned 1.35 m above the stimulus surface and directed towards it. The camera detected the position of a small infrared LED attached to the index finger (in experiment 1) or to the pointer (in experiment 2). Data were stored on an HP 1000 computer for further analysis. The illumination of the room was such that the target LEDs as well as the hand (in experiment 1 and 2), pointer (in experiment 2) and surroundings were clearly visible. The presentation of the stimuli was computer controlled.
In both experiments the subject's head was not immobilised but the subject was instructed not to move his head when performing the task. This restriction did not cause any problems, because the most peripheral targets were presented only 37 ~ peripherally in the subject's visual field. The subjects were allowed to make eye movements.
Procedures
Each subject performed the two experiments in one session. Experiment 1. movement task. Subjects were asked to move their right index finger slowly and accurately from position S towards the target position. The resulting movement was a movement over the table in which mainly shoulder and elbow joints were involved. The subjects could see their hand. They were instructed to stop the movement as soon as they touched an invisible but palpable ridge on the table. This ridge formed a circle with a radius of 15 cm around position S. Thus, the subjects moved their finger over a distance of 15 cm in what they thought was the direction of the target.
A trial took the following form. The subject placed his index finger on position S. A target position was randomly chosen from the 9 LEDs. As soon as the target light appeared, LED S went out. The target LED stayed on for 10 s. During this time the subject moved his index-finger from position S in the direction of the target. When the target light went off, LED S became visible again and the subject had to bring his index-finger back to position S. Position data were sampled for 10 s after the appearance of {he target LED at a frequency of 50 Hz. The next trial started after approximately 2 s.
All target positions were presented five times. In some of the trials the subjects reported that their hand movement started in the wrong direction. These trials were not included in the analysis. It turned out that for a given target not more than one trial had to be excluded from the analysis. So the results are based on four or five trials for every target position for each subject.
In order to investigate the deviation between initial movement direction and target direction we calculated the initial movement direction of the movement as follows. Because the onset of the slow movements showed some irregularities in most trials (probably due to friction caused by the subject touching LED S at the beginning of each trial) we did not use position data for the very first part of the movement to determine the initial movement direction. Instead, we used position data when the index finger was between 2 and 3 cm from LED S. We calculated the movement direction from 15 approximately equidistant data-points using linear regression analysis. We will call the calculated movement direction in the interval from 2 to 3 cm the initial movement direction. The deviation in initial movement direction is determined by calculating the angle between the linear regression line and the line from the point on the line at 2.5 cm from LED S to the target position. A clockwise deviation is defined as positive. A deviation in initial movement direction could be determined within an accuracy of 2 ~ (measurement accuracy).
Experiment 2." perceptive task. Subjects were asked to place a pointer in the direction of the target position. The pointer was a small white strip with a pivot at one end. The pointer had a length of 9 cm, a width of 2.5 mm and a height of 1 ram. The pointer was placed on the table with its pivot on position S (see Fig. 1 ).
A trial took the following form. A target position was randomly chosen from the 9 LEDs. When the target light appeared, the subject had 15 s to direct the pointer. The subjects were instructed to direct the pointer as accurately as they could. Pointer position data were sampled for 15 s after the appearance of the target LED at a frequency of 15 Hz. The data for the last second were averaged to determine the position of the pointer in a trial. The next trial started approximately 2 s later.
All target positions were presented five times. Generally, the given time was adequate, but in some of the trials the subjects reported they had not been able to place the pointer accurately in the given time. These trials were not included in the analysis. It turned out that for a given target occasionally one or two trials had to be excluded from the analysis. So the results are based on three, four but generally five trials for every target position for each subject.
To investigate the influence of the length of the pointer we carried out a few sessions with pointers with a length of 1.5, 5, 10, 15, 20 and 25 cm. The sessions took the form described above; only the sessions with the 1.5 cm pointer were slightly different. The 1.5 cm pointer had a pivot halfway along its length. This pivot was placed at a distance of 2.5 cm from position S on the mean movement trajectory found for the same target and the same subject in experiment 1 (movement task). So the position of the pivot on the stimulus surface was dependent on the target that was presented. Because we did not want to change the position of the pivot between each trial, each target was presented 5 times in succession. After each trial the direction of the pointer was randomly changed. It was not possible to attach an infra-red LED to this small pointer. Therefore, after each trial we recorded the pointer position by making a mark on the stimulus surface. This mark was not visible to the subjects.
The deviation between the direction in which the pointer was placed (pointer direction) and the target direction is given by the angle between the axis of the pointer and the line from the pivot of the pointer to the target position. A clockwise deviation is defined as positive. For the pointers with a length of 1.5, 5, 9, 10, 15, 20 and 25 cm the measurement accuracy was 3.5, 1.0, 0.6, 0.6, 0.5, 0.4 and 0.3 ~ respectively. 
Results
Subjects performed a movement task in which they were instructed to move their hand slowly and accurately from a fixed initial position in the direction of various target positions. It turned out that for most target positions the subjects started their movements in a direction that deviated from the straight line between initial position and target position (which we call the target direction). The trajectory of the movement gradually curved towards the target position. We determined the deviation in the initial movement directions. Figure 2A shows mean results for 5 subjects. The deviation in initial movement direction is presented as a function of target position. Figure 2A demonstrates that in the right half of the stimulus surface the initial movement direction showed mainly clockwise deviations and in the left half of the stimulus surface mainly anticlockwise deviations. The absolute value of the maximum deviation in initial movement direction, which was reached at target positions of roughly -45 ~ and 45 ~ ranged from 5-10 ~ for the various subjects. The standard deviation did not differ significantly between different subjects and between different target positions. We therefore calculated the mean standard deviation in initial movement direction. The mean standard deviation, corrected for the measurement accuracy of the deviation in initial movement direction, was 4 ~ .
In order to investigate the origin of these consistent deviations in initial movement direction we performed experiment 2. In this experiment the subjects placed a 9 cm pointer in the direction of the target positions that had been used in the first experiment. Figure 2B shows the mean deviation in pointer direction as a function of target position for 5 subjects. It is clearly shown that the pointer direction showed mainly clockwise deviations in the right half of the stimulus surface and mainly anticlockwise deviations in the left half of the stimulus surface. The absolute value of the maximum deviation in pointer direction, which was reached at target positions of roughly -45 ~ and 45 ~ , ranged from 2-5 ~ . The mean standard deviation in the pointer direction, corrected for the measurement accuracy of the deviation in the pointer direction, was 0.8 ~ . We also carried out a few experiments with pointers of different lengths. Figure 3 shows the results for one subject. The deviation in the pointer direction is shown as a function of target position for 5 different pointer lengths. The results are qualitatively the same as those in Fig. 2B . Figure 3 clearly reveals that the magnitude of the absolute deviation in pointer direction increases with decreasing pointer length. The four other subjects that were tested in this experiment showed similar results.
Finally, we carried out an experiment with a pointer of 1.5 cm with two subjects. As measurement accuracy was low in this experiment, we paid special attention to the maximum deviations (which were reached at target positions of roughly -45 ~ and 45~ The absolute value of the maximum deviations were on average 6.5 ~ (subject MF) and 7 ~ (subject JS). Notice that these maximum deviations are comparable to the maximum deviations in initial movement direction found in the movement task ( Fig. 2A) .
Discussion
In this study we investigated how accurately information about the direction of the virtual line between two positions in space (directional information) is processed by the brain. Subjects were instructed to move their hand slowly and accurately from a fixed initial position in the direction of specific target positions. The results of this experiment show that, although all subjects were convinced they moved their hand accurately in the direction of the target position from the start of the movement, in fact for a number of target positions they started the movement in a direction that consistently deviated from the direction of the straight line between initial position and target position.
What causes the deviation in initial movement direction? One might think that biomechanical factors influenced the movement trajectory as they are known to do during the performance of fast arm movements. However, this is not a valid explanation. Firstly, the velocity of the movements was low, and it is only with higher velocities that biomechanical factors influence the movement trajectories. Secondly, Sonderen and co-workers (1988) and Wadman and co-workers (1980) showed that when fast right-handed movements are made the initial movement direction deviates in an anticlockwise direction. In our experiments, however, we also found deviations in the opposite direction: in Fig. 2A it can be seen that the initial movement direction of slow hand movements to targets in the right half of the stimulus surface showed a clockwise deviation.
In a second experiment subjects placed a 9 cm pointer in the direction of the target positions that had been used in the first experiment. The results of this experiment show that the subjects made consistent deviations in directing the pointer. Consistent deviations in the pointer direction have also been found in other experimental conditions (Bouma and Andriessen 1966) .
Comparing the results of experiment 1 and 2 ( Fig. 2A  and 2B ) we can see a correspondence between the deviations in initial movement direction and the deviations in the pointer direction. When a target was presented in the right half of the stimulus surface, initial movement direction as well as pointer direction showed a clockwise deviation. When a target was presented in the left half of the stimulus surface, initial movement direction as well as pointer direction showed an anticlockwise deviation. This suggests that the deviations in the two tasks originate from the same source. However, the magnitude of the deviations is different in the two tasks. The absolute value of the maximum deviation in the initial movement direction varied between 5 and 10 ~ whereas the absolute value of the maximum deviation in the pointer direction varied between 2 and 5 ~ In order to be able to conclude that the deviations stem from the same source, we must explain this difference in magnitude.
We suggest that the difference in magnitude can be explained by the length of the pointer we used in experiment 2. A larger pointer gives a less local estimate of the directional information than a smaller pointer. In the extreme: if a pointer is as large as the distance between pivot and target then there will be no deviation in pointer direction, independent of the direction in which the target is perceived with respect to the pivot of the pointer. Intuitively, one expects that the deviation in pointer direction depends on the length of the pointer. Figure 3 shows that this is indeed the case: the shorter the pointer, the larger the deviations. The smallest pointer we used (1.5 cm), which was carefully positioned on the movement trajectory where movement direction was measured (2.5 cm from position S), showed deviations comparable to the deviations in initial movement direction. Because of this agreement between the deviations in pointer direction measured here (with this small pointer) and deviations in movement direction we feel justified in concluding that the deviations found in the movement task and the perceptive task do indeed originate from the same source. This means that the deviations in initial movement direction do not originate from the motor component of the task. The part of the information processing that the two tasks have in common is the construction of an internal representation of our body and space around us from sensory, mainly visual, information. We therefore suggest that the deviations in initial movement direction originate from this part of the information processing.
It has been suggested that a goal-directed arm movement is controlled by the generation of an internal trajectory of the movement to be executed (Sonderen and Denier van der Gon 1990; Vincken and Denier van der Gon 1985) . The present findings suggest that this internal movement already follows a curved trajectory.
One may well ask why the subjects have not learned to move in a straight line to a target position. We think the reason is that moving in a straight line is hardly ever the object of goal-directed movements. In daily life the aim of goal-directed moving is to accurately reach the object towards which one is moving. Moreover, one usually does not have the opportunity to learn to move in a straight line to objects in the environment because one lacks knowledge of results about the trajectory followed. When we showed the subjects the movement trajectory they had followed with their index finger, they immediately noticed that the trajectory was curved. Thus, it seems that straightness can only be attributed to objects. When the subjects were asked to move their index finger along a straight line that had been drawn on the stimulus surface from initial position to target position, they started their movement in the correct direction. This is in agreement with an idea of Jeannerod and Decety (1989) , who suggested that the cognitive representation of an object has a direct effect on motor control.
We conclude that the virtual straight line a subject draws between two points in space does not coincide with the actual straight line between these points.
